Despite a decade of use in US courtrooms, it is only recently that forensic computer animations have become an increasingly important form of communication in legal spheres within the United Kingdom. Aims Research at the University of Nottingham has been influential in the critical investigation of forensic computer graphics reconstruction methodologies and techniques and in raising the profile of this novel form of data visualization within the United Kingdom. The case study presented demonstrates research undertaken by Aims Research and the Department of Forensic Pathology at the University of Sheffield, which aims to apply, evaluate, and develop novel 3-dimensional computer graphics (CG) visualization and virtual reality (VR) techniques in the presentation and investigation of forensic information concerning the human body. The inclusion of such visualizations within other CG or VR environments may ultimately provide the potential for alternative exploratory directions, processes, and results within forensic pathology investigations.
T his paper begins to explore novel techniques of 3-dimensional 3D computer graphics (CG) visualization within the field of forensic pathology, assessing the plausibility of presenting complex medical evidence and expert opinion in a visual form to a lay audience. Graphical representations of the human form, upon which specific anthropological variables, injuries, and other forensic data can be demonstrated, provide a more immediate, accessible, and understandable medium for the explanation of theories and case documentation than purely verbal communication. The potential advantages of such visualizations in legal spheres have been highlighted by findings that jurors are often confused, bored, frustrated, and/or overwhelmed by technical or complex issues 1 and that the average attention span of a juror is approximately 7 minutes. 2 The first section of this paper will introduce current issues in forensic CG visualizations. The remainder of the paper presents a case study visualization of forensic pathology information relating to a suicidal stabbing, with particular emphasis placed upon the comparison of 2 knives found at the scene to documented wounds.
The Use of CGs in Court
CGs in UK courtrooms are gradually being introduced as a valuable tool, albeit surrounded by legal arguments concerning content and admissibility. [3] [4] [5] Significant examples of this growing acceptance and use are provided by the visualization of dynamic situations, such as road traffic accidents ( Fig. 1) , based on police survey and crash reconstruction data, and the recreation of changed environments, 6 based on architectural surveys and plans.
Before discussing the use of virtual environments as evidence in a court or inquest and their subsequent admissibility, it is necessary to clarify the terms used to describe such technology. The standard form of evidence from such virtual environments usually consists of a series of still images and animations. In this context, the term "computer animation" is often misused to describe an animation from a virtual environment that is not based on the laws of physics but is still represented as "simulating" a given event. The terms "animation," "scientific animation," and "simulation" have specific definitions in the accident reconstruction community. 8 The phrase "scientific animation" is used to describe a more technically based presentation and is defined as "a computer animation that is based on the laws of physics and the appropriate equations of motion." Velocities and positions are time integrals of the acceleration data, and objects and environment in a scientific animation are properly and consistently scaled.
In the graphical reconstruction community a simulation is defined as being based on the laws of physics and contain-ing specific underlying equations. A simulation goes farther than a scientific animation and can be further defined as "a model that predicts an outcome. The model may be a physical or a mathematical model, but the significant property is that a simulation predicts a future result."
In summary, an animation may only be illustrative evidence, whereas a scientific animation is usually more technical and relies upon scientific laws and thus can often be categorized as substantive evidence. A simulation is more predictive in nature and is usually created via a computer program. The admissibility of a simulation depends on the category of the program used to create it and thus may either be illustrative or substantive evidence. 9 When scientific evidence is submitted to a court or inquiry, part of the procedural requirements involves the checking of any methodology, including programs and processes used. Depending on the type of software used and the method of creating the reconstruction, it may be difficult or relatively straightforward to admit the evidence.
Recent cases using this technology have established a number of new technologies for use in UK courtrooms. These include 10 :
• The digital projection of all documentary evidence. • The digital projection of individual witness statements in the form of computer-generated animations. • The use of 3D computer models to visualize the site of the incident. • The use of 3D computer models to visualize calculated movement of dynamic objects.
Pathology Data Visualization
Rather than generating sophisticated medical imagery from full-body computed tomography, magnetic resonance imagery, or 3D exterior surface scanning, a standard postmortem report, as specified in the Coroner's Rules 1984, was chosen as the primary source of data for visualization within this project. 3D medical imaging facilities were neither available to the researchers nor are they routinely used in UK forensic postmortems. The reliance on standard postmortem reports presents the possibility that any visualization methodology developed could be applied to a wide range of forensic postmortems that adhere to this format and negates the need for an additional evidence-gathering stage.
The medicolegal value of a forensic postmortem report is, however, limited in terms of creating dimensionally accurate, individualized models of the human form. The inclusion of height and weight measurements, together with dimensional and positional measurements of injuries, is specifically tailored to the forensic documentation of evidence surrounding cause of death. It does not, however, provide the necessary level of data for the reconstructive accuracy expected in many other forms of forensic CG visualization.
Any visualization produced from such 3D restricted data must usually be limited to an illustrative rather than a reconstructive or substantive role. Modeling should still be as dimensionally accurate as possible and be anatomically correct (in terms of "normal" anatomy), but most of the resulting visualizations should be considered as a "next-generation" medical diagram. The viewers of these medical diagrams may, however, benefit from the dynamic, interactive potential of 3D CG.
Conversely, the use of an accurate diagram to represent injuries is arguably less emotive and prejudicial than photographic evidence, which is occasionally inadmissible on just such grounds. 11, 12 Schematic, illustrative visualizations may, 3D Computer Visualization therefore, benefit from avoiding the admissibility issues that any attempts at the photographic realism possible with CG may be subject to.
Case Study: Suicidal Stabbing
A case of suicidal stabbing was chosen for visualization from a number of postmortem reports provided by the Department of Forensic Pathology at the University of Sheffield. This case was selected due to its relative simplicity in terms of dynamic mechanisms and, therefore, subsequent visualization complexity. Only 1 significant injury, in terms of the cause of death, caused by a single known penetrating object with documented angles of entry and depth penetration, required visualization. This case also presented the opportunity for the intracase comparative visualization of 2 discrete wounds potentially caused by 2 substantially different knives found at the scene.
Due to the nature and sensitivity of the records provided, all the reports received were of noncurrent cases, with all evidence being screened and modified to ensure case anonymity (Fig. 2 ). The autopsy notes described the injuries sustained by a 23-year-old male, who was measured at 181 cm in height and weighed 92.4 kg.
The external examination revealed 2 discrete knife wounds, a linear transverse incised wound of the anterior left wrist, and an oblique stab wound to the anterior left-side chest. The wrist incision was approximately 3 cm in length, with its medial aspect tailing. The stab wound to the chest was approximately 3.5 cm in length and was gaping approximately 2 cm. This wound was positioned 10.5 cm below the upper border of the sternum and 4.6 cm from the midline. The outer margin of the incision was blunt, and the inner (medial) lower margin was sharp.
Internal examination revealed that the incision to the left wrist severed all the flexor tendons of the left arm but failed to penetrate deep enough to damage any of the major blood vessels. The internal injuries associated with the stab wound to the chest were described as the only significant injuries. The track of incision passed through the muscles in the front of the chest, into the left chest cavity between the third and fourth ribs, and through the upper lobe of the left lung. The track continued through the heart, entering through the front of the right ventricle and emerging from the rear wall of the left ventricle. The total length of the incision track was measured at approximately 12 cm.
The cause of death was attributed to severe hemorrhaging due to the stab wound to the heart. The site of the fatal stab was considered consistent with, though not exclusive to, self-infliction. The interpretation of this wound as suicidal was, however, reinforced by its association with the wrist incision, a category of wound commonly associated with self-infliction.
Two knives were found at the scene by investigating officers: 1 long-bladed kitchen knife and 1 Stanley type knife. The kitchen knife had a plastic handle and measured 31 cm in length. The blade measured 20 cm in length, with a maximum width of 3 cm close to the hilt. The cutting edge was serrated and was the lower edge when the knife was held. The final 4 cm of the blade tailed off to a point. The body of the Stanley type knife measured 15.5 cm in length, with a retractable blade of a maximum length of 2.5 cm and a maximum width of 2 cm. The autopsy report concluded that both of these knives were consistent with the injuries received to the wrist, though only the kitchen knife was consistent with the fatal stab wound.
Technical Issues
3D models of the scenarios and the resulting animations were created using 3D Studio Max R4 from Discreet (Montreal, Quebec), a high-end 3D graphics animation package that is a computer games and film industry standard (Fig. 3 ). This release of 3D Studio Max was chosen due to its increased character animation functionality. The ability to use skeletal bone models as 3D Studio Max system bones was a distinct advantage for anatomic modeling over previous re-leases. This allowed skeletal bone models to be used as an articulated structure with definable joint limits that could control the deformation of an associated skin model. Poser 4, a 3D character animation and design tool for artists from Curious Labs (Santa Cruz, CA), was used to provide a generic human figure that could be imported into 3D Studio Max for alteration and animation (Fig. 4 ).
Methodology
Rather than complicating the visualization by producing an anatomic model containing all structures of gross anatomy, the diagrammatical nature of the project enabled modeling to be limited to the inclusion of case-relevant structures. To this end, freely available 3D anatomic models downloaded from the Internet 13 were checked and subsequently manipulated to ensure anatomic accuracy ( Fig. 5 ). As already stated, the dimensions for the human form were limited to height and weight, and as a result, the inclusion of a small degree of subjectivity by the modeler was unavoidable. This situation was compounded by the reliance on 3D Computer Visualization standard anatomic texts, reference diagrams, and pictures, as well as slice data from sectional human anatomy to create size-and position-relevant anatomic structures. 14 -21 The modeling of the wound and knife blade dimensions was significantly more accurate due to the detailed measurements presented in the postmortem reports and the use of comparable knives upon which the models could be based (Fig. 6) .
Initially, the human figure was modeled in a standard anatomic position consistent with postmortem report recording methods and the descriptions of "normal" anatomy in texts and illustrations ( Fig. 7) . Once the case-relevant anatomic mannequin had been created, the size and position of external wounds were mapped onto the exterior of the figure. These wounds were in turn used for the positioning of the knife track, its depth, and angle of entry. This particular methodology was chosen to act as a rudimentary test for the modeling technique, indicating at an early stage the presence of any potential errors in the visualization. When the virtual kitchen knife track was viewed relative to the 3D models of the chest stab wound and internal organs, the knife blade produced a match to the wounding described in the postmortem report. An animation was produced to depict the consistency of the kitchen knife with the fatal chest wound compared with the Stanley type knife, the latter's blade being too short for the depth of the wound. The consistency of both knife blades with the wrist incision was also included.
This initial animation was shown to staff from the Sheffield Medico-Legal Centre, including several forensic pathologists and a coroner, for general comment. One point of discussion was the anatomic dynamics of self-inflicted wrist incisions, how the movement and tensing of the wrist and hand flexor tendons involved in this movement can restrict access to the underlying arteries. It was felt by the researchers that just such a dynamic lent itself to the advantages of 3D GC and as such was included in a subsequent version of the visualization. Due to the resolution needed for this visualization, all the relevant anatomic structures needed to be modeled in far greater detail. Anatomic texts, illustrations, and slice data were again consulted throughout the modeling process to produce as accurate a model as possible. To avoid overcomplication of the visualization, it was decided that only the palmaris longus, flexor carpi ulnaris, and flexor carpi radialis muscles and associated tendons would be modeled (see Fig. 5 ).
Animation Stills
The final animation produced was designed to demonstrate the 3 salient issues present in the postmortem report. First, the association of the 2 self-inflicted wounds was presented. Second, the dynamics involved in the nonfatal wrist incision were illustrated, this being influential in the subsequent evaluation of the chronologically later fatal chest wound as suicidal. Finally, a visual comparison of both knives in relation to both wounds was included.
The animation opens by depicting the body in a standard anatomic position (Fig. 8a) . The camera then begins to move toward the body, demonstrating the 2 wounds, their presence and position emphasized by arrows ( Fig. 8b) .
To create an impression of event chronology, the primary focus of the visualization is on wrist incision (Fig. 8c ). Due to the detailed nature of the arm model, a separate model replaces the representation of the whole body. This section of the animation depicts the left arm only (Fig. 9a ). As the arm begins to move into an appropriate position for self-inflicted wrist incision with a knife, the skin fades away to reveal the case-relevant internal structures of the arm (Fig. 9b) .
The wrist and lower forearm now become the focus of the animation (Fig. 9c) , illustrating how the tensing of the muscles in the forearm to move the wrist affects the position of anatomic structures in the area of the incision (Fig. 10a) .
To provide a better perspective for the comparison of the knife blades, a new camera angle is introduced as the wrist and hand stop moving. Both knife blades are then faded in and out in turn to show their consistency with the recorded injury ( Figs. 10b and 10c) .
The animation now switches back to the full-body representation, with the camera moving from the position of the wrist incision to that of the stab wound to the chest ( Fig.  11a and 11b ). At this stage, the kitchen knife is visualized as already present (Fig. 11c) , with the various levels of anatomic detail gradually dissolving to reveal the fatal wound to the heart (Fig. 12a and 12b ). The camera then rotates around the heart to show the emergence of the knife blade from the rear wall of the heart (Fig. 12c) . The final part of the animation consists of the camera rotating back around to the front of the body, at which stage the kitchen knife is replaced with the Stanley type knife to demonstrate the inconsistency of this knife with the fatal injury (Fig. 13a ). The skin is then faded over the internal structure, ending the visualization (Fig. 13b ).
Case Analysis
The successful replication of the internal injuries of the chest recorded in the postmortem report gave confidence in the modeling and visualization technique employed in this project. This success was, however, probably facilitated by the relatively simple dynamics of the visualized scenario. The position of a self-inflicted stab wound to the front of the chest allowed accurate reconstruction of injuries with the 3D model in its original, standard anatomic position.
The inclusion of the wrist dynamic effectively increased the explanatory value of the visualization, reinforcing 3D Computer Visualization the processes involved in the failed incision and its association to the fatal chest wound. This is considered a significant association, as it was instrumental in the interpretation of the latter, fatal wound as self-inflicted. The comparative value of visualizing the 2 knives in this case can arguably be dismissed by claims of the postmortem report's self-evidential nature. The inability of a short Stanley type knife blade to reach the heart could be considered obvious. It has been seen, however, that CG visualization in such cases does aid the comprehension of associated issues. This visualization demonstrates the potential of CG visualization of forensic pathology data in other cases that may present more complex comparative situations and arguments.
The fact that the most valuable aspects of the animations were produced after further consultation with forensic pathologists emphasizes an intrinsic feature of all forensic visualization: the graphics must rely on the input of the expert. No new information should be added in the production of forensic visualizations; the information that is present is just communicated in an alternative, visual format. It is this format that can often elucidate facets of the original information that can remain hidden, obscured, or difficult to comprehend in other modes of communication.
For 3D CG visualization to make a significant impact within forensic pathology, an appreciation of its ability and an acceptance of its techniques need to be established within the discipline in general. Specifically, those members of the field who may find themselves required to support the evidence and their interpretation of it in a court of law need to be convinced of its illustrative potential.
As medical imaging technologies, exterior 3D scanning, and 3D structured light data capture become increasingly quicker and cheaper to perform, their use within forensic pathology is bound to increase. The alternative and complementary diagnostic and interpretive directions that such techniques can provide have already benefited other spheres of medicine and are progressively being tested and incorporated within postmortem procedures. [22] [23] [24] [25] [26] [27] Given the increasing analysis and application of 3D medical imaging and their CG representations in forensic examinations, perhaps the most appropriate way to approach the visualization methodology of this project is as an intermediate stage. The ultimate aim is the use of individualized 3D CG representations of forensic pathology information in UK courtrooms. As the investigative potential of CG within forensic pathology increases, so will the occasions in which the information produced by these methods appears in court. Parallel to these developments, a critical review of CG visualization techniques, methodologies, and content will, through necessity, become increasingly important. Developments in forensic visualization techniques and procedures will require specific application and adaptation to our ability to produce representations, animations, and simulations of anatomic human forms within forensic scenarios.
CONCLUSIONS
The models and animations produced for the visualization of this suicide case display the ability of CG to both demonstrate and explore expert opinion despite limited 3D data. Although no subsequent study has been conducted into the benefits of these forms of medicolegal visualization in terms of the comprehension of complex issues by lay audiences, previous investigations have demonstrated this capacity of CG in both courtroom 28 and medical situations. 29 -31 The 3D dynamic benefits of illustrative visualization methodologies used throughout this case study arguably surpass the comparative static medical charts and diagrams that are often used in the visual presentation of medical scenarios within legal contexts, while avoiding the potential admissibility problems associated with photographic realism. Exam- 3D Computer Visualization ples of 3D CG anatomic data visualization are beginning to appear in UK courtrooms. Recent instances of this have been the type of illustrative visualization presented here, facilitated by their reliance on the testimony and authority of the expert rather than the court's acceptance of a new investigative scientific technique. Forensic 3D anatomic models of human figures and the injuries they have received may prove routinely effective in hypothesis testing, with the inclusion of such models within other CG or VR visualizations providing alternative exploratory directions, processes, and results for the forensic investigation of human remains.
